Abstract: We present an updated study of the systematic errors in the measurements of the electroweak boson cross-sections at the LHC for various experimental cuts for a center of mass energy of 7, 10 and 14 TeV. The size of both electroweak and NNLO QCD contributions are estimated, together with the systematic error from the parton distributions. The effects of new versions of the MSTW, CTEQ-TEA, and NNPDF PDFs are considered.
Introduction
A precise measurement of electroweak gauge boson production for pp scattering will be essential in LHC physics. These processes are important as standard candles in the luminosity measurement, as well as precision electroweak parameter measurements, constraints on the PDFs, and as backgrounds to new physics. The high luminosity at the LHC insures that systematic errors will play a dominant role in determining the accuracy of the cross-section. Previously, [1, 2] we studied these systematic errors at 14 TeV, focusing on missing electroweak corrections, NNLO QCD, and PDF uncertainties. In this update, we calculate the same effects for the inital LHC start-up energy of 7 TeV, and also an intermediate scale of 10 TeV. We also specialize the calculation to various experimental cuts which better reflect cuts similar to the one considered by the CMS and ATLAS collaborations.
We also revisit the PDF errors, because updated PDFs have since been released which permit a significant reduction in the PDF errors quoted in our prevous studies. Finally, HORACE has been updated since the study of Ref. [2] , requiring the missing electroweak contribution to be recalculated in the W case. 1 This study compares the MSTW2008 [4] (an update of MRST [5] ), NNPDF [3] , and the CTEQ-TEA family of PDF sets [7, 8] . 2 
Theoretical Calculations and Monte Carlo Generators
The processes of interest in this paper are electroweak boson production, predominantly via the Drell-Yan process [6] , in which a quark and antiquark annihilate, producing a vector boson which decays into a lepton pair. The cross section mediated by a gauge boson B may be inferred from the number N obs B of observed events via the relation 1) where A B is the acceptance obtained after applying the experimental selection criteria. For example, if the cuts require p T > p T min , 0 < η < η max for both leptons, then
p T min dp T √ s/2 p T min dp T ηmax 0 dη ηmax 0 dη d 4 σ dp T dp T dη dη (B → ) .
2)
The neutral bosons γ, Z are normally combined, and both σ tot and the acceptance may also include further cuts on the invariant mass M of the lepton pair, to prevent the cross section from being dominated by photons, which give a divergent contribution at low energies.
The corrected Z or W yield can be used as a standard candle [9] for a luminosity monitor by calculating the cross section and solving for Ldt. The cross section may be calculated by convoluting a parton-level cross section σ ab for partons a, b with their parton density functions (PDFs) f a , f b , giving a cross section σ = a,b 1 0 dx 1 dx 2 f a (x 1 )f b (x 2 ) σ ab (x 1 , x 2 ), (2.3) where the integral is over momentum fractions x 1 , x 2 . Theoretical uncertainties arise from limitations in the order of the calculation of σ ab , on its completeness (for example, on whether it electroweak corrections or γ * /Z interference, and on whether any phase space variables or spins have been averaged), and on errors in the PDFs. The simulation of hadronic processes requires an event generator incorporating a parton shower and hadronization. HERWIG [10] , Pythia [11] , and Sherpa [12] are examples. At present, event generators are available which incorporate NLO QCD, including MC@NLO [13] and POWHEG [14] . Differential NNLO corrections are available in vrap [15] FEWZ, [16] and DYNNLO [17] , but not yet interfaced to a shower. The Resbos [18] family of MC programs calculates resummed cross-sections which improve the results in certain parts of phase space where large logarithms render a fixed-order calculation unreliable. Resbos is based on a resummed NLO calculation with the addition of approximate NNLO corrections to the Drell-Yan process. As in Refs. [1, 2] , we take MC@NLO as our basic generator, and calculate NNLO corrections using FEWZ, since it provides a complete calculation at NNLO, and the perturbative series converges well for the cuts of interest here. POWHEG could be used as an alternative to MC@NLO, or DYNNLO as an alternative to FEWZ, at the same order in QCD.
It has been stressed that to achieve 1% accuracy in the Drell-Yan process, electroweak corrections must be added as well, including mixed QCD and QED corrections, and included coherently in a single event generator. [19, 20, 21, 22, 23] Electroweak corrections have been calculated at order α and combined with a hadronic shower in HORACE. [24] Another program incorporating electroweak corrections into a hadronic generator which has appeared recently is WINHAC [25] , for W production, with a companion ZINHAC for Z production under development. Earlier programs calculating parton-level electroweak corrections at order α include ZGRAD and WGRAD. [19] Partial electroweak corrections, specifically final-state photon radiation (FSR), can also be added to an existing shower via the program PHOTOS. [26] In our previous analyses [1, 2] , we used HORACE to estimate the effects of electroweak corrections on the systematic error in calculations done using MC@NLO and PHOTOS. We continue this approach in the present study, using HORACE to estimate the electroweak corrections beyond photon FSR.
Analysis of Electro-Weak Corrections
As suggested in Refs. [1, 2] , our best estimates of the cross-sections are obtained using MC@NLO with final state radiation added via PHOTOS. We will begin our analysis of theoretical errors by examining the electro-weak corrections. The choices of cuts for this study are shown in Table 1 . The results are shown in Table 2 . For the W , acceptances in this table are defined relative to the total cross section, while for the Z, they are defined relative to the total cross section with an invariant mass cut 40 GeV< M Z c 2 < 1000 GeV to avoid energies dominated by soft photons.
Process
Cut Z Production E T > 20 GeV, |η | < 2.5, 70 < M < 110 GeV/c 2 W Production E T > 30 GeV, |η | < 2.5 As in Refs. [1, 2] , we used HORACE [24] to study the error arising from missing O(α) electroweak (EWK) corrections. This program includes initial and final-state QED radiation in a photon shower approximation and exact O(α) EWK corrections matched to a leading-log QED shower. Specifically, the missing EWK contribution was calculated by generating events for pp → Z/γ * → + − and pp → W ± → ± ν using HORACE with its full O(α) corrections and parton-showered with HERWIG. These were compared to events generated again by HORACE, but without EWK corrections (Born-level), also showered with HERWIG, and HERWIG plus PHOTOS. MSTW2008 PDFs were used in the calculations.
The results are shown in Table 3 . The acceptance is the ratio of the cut to total cross section. In the Z case, each total cross section entry includes an invariant mass cut 40 GeV < M Z c 2 < 1000 GeV, as noted above. Final state radiation should dominate for both W and Z production, [19] so there is good justification for passing the Born-level events through PHOTOS to add final-state photons, as is verified in previous LHC studies. [27, 1] . Figs. 1, 2 and the the W ± acceptance results in Table 3 show the improvement to the kinematic distributions obtained by using PHOTOS. Table 3 shows that the error introduced by using PHOTOS in place of the more complete electroweak corrections of HORACE is typically less than 1%, both in the cross sections and acceptances. Larger errors found in Ref. [2] were due to a technical problem in the earlier version of HORACE, which has been corrected in the current version 3.1 used in the present study.
QCD Errors: NNLO Corrections and Scale Dependence
The QCD error is divided into two categories, the error due to stopping at NLO order, and the dependence on residual dependence on the factorization and renormalization scales, due to truncating the calculation at finite order. For an estimate of the missing higherorder corrections, we take the NNLO calculation obtained using the current state-of-theart program, FEWZ [16] . The residual scale dependence is estimated by calculating the NNLO result and varying the factorization and renormalization scales. The NNLO scale dependence is relevant here, since we may consider the NNLO result to be known, but neglected.
To obtain the results shown, we ran FEWZ [16] using using MSTW2008 [4] PDFs at the appropriate QCD order, and calculated the difference between the NLO and NNLO result, choosing the renormalization and factorization scales at M Z or M W , as appropriate. The estimates of residual scale dependence at NNLO was found by repeating the calculations with the renormalization and factorization scales multiplied by 2 or 1/2. Both scales are taken to be equal.
The size of the NNLO contribution, as well as the residual scale dependence at order NNLO, is shown in table 4. The scale dependence is calculated by dividing the standard deviation of the results at the three scales by their average. If the NLO result at the center scale is taken as the result, an estimate of the combined error is shown in the final column, adding the two errors in quadrature as in Refs. [1, 2] .
Parton Distribution Function Errors
Since our previous studies, [1, 2] , new PDF sets have been released incorporating the latest data. We consider the most recent PDF sets from three groups: MSTW [4] , NNPDF [3] , and CTEQ-TEA [8] . PDF errors for MSTW and CT10 were calculated as in Refs. [1, 2] using the asymmetric Hessian method, where the cross-section results from the various eigenvector PDF sets have been combined according to the prescriptions found in Refs. [7, 5, 4] . NNPDF is based on an entirely different neural-network based approach, which provides a collection of replica PDFs, for which the standard deviation provides a symmetric error estimate. Tables 5 -7 compare the cross sections, acceptances, and their attendant uncertainties for four sets of PDFs: MSTW2008 [4] NNPDF2.0 [3] , and both CT10 and CT10W [8] from the latest CTEQ-TEA analysis. The two CT10 sets differ in their treatment of the Tevatron D0 Run-2 W lepton asymmetry data. [28] Since this data creates tension with existing constraints on d(x)/u(x), two approaches were taken: CT10 omits this data, while CT10W includes it with an extra weight. [8] All of the PDF sets in this comparison are NLO versions with 90% CL. The cuts are as in Table 1 In addition we studied the sensitivity of the kinematic acceptance calculations to the uncertainties affecting the PDF sets. The errors considered here are due to the experimental inputs used to obtain the PDFs, not to the QCD order of the calculation, which should be matched to the order of the hard matrix element used. Figs. 6 -8 show the systematic error on the production cross-sections as a function of the |η| cut, minimum lepton p T cut and (where appropriate) M T cut for the values given in Table 1 . The fractional uncertainties, shown in in the same figures, demonstrate that the relative uncertainty in the cross-section is very flat as a function of the kinematic cuts, until the region of extreme cuts and low statistics in the MC are reached. The corresponding uncertainty on the acceptance as a function of the kinematic cuts is shown in Figs 9 -11. These show a similar dependence to the cross-section uncertainties, though the fractional errors are smaller.
The new PDF sets have improved the error estimates relative to our previous studies. [1, 2] . Uncertainties in the cross-sections contributed by the PDFs are typically in the range of 1 -2% for MSTW2008 and NNPDF2.0, and 2 -3% for CT10(W). The acceptances have smaller errors in all cases, typically close to 1%, with less dependence on the choice of PDF.
The error bands of CT10(W) typically encompass those of MSTW2008 and NNPDF2.0, and appear to be a more conservative error estimate. Tables 8 and 9 show the combined errors in the cross sections and acceptances, respectively. These tables separate the errors into three classes, and calculate the total errors under the assumption that they are independent. Since the missing NNLO and missing electroweak corrections are known, including the sign, these can be combined to give a total error for missing higher-order effects, labeled "Higher Order" in the table. 3 The QCD scale uncertainty remaining at NNLO is included as a separate random error. The NNLO scale dependence is relevant since the calculation has been done at this order, although we may choose not to implement the resulting K-factor. Symmetric errors are used for the PDFs. The CT10 errors are shown in these tables, since these are more conservative than for the other PDF sets, and typically encompass the PDF differences. The cross section error is much more sensitive to the choice of PDFs than the acceptance error. For acceptances, we have verified that CT10 and MSTW2008 give very similar acceptance errors, in spite of significant differences in the cross section errors.
Summary
The total uncertainties are typically in the range of 4 − 5% for the cut cross sections, and 1 − 3% for the acceptances. The QCD errors are comparable to those seen in the earlier studies at 14 TeV. [1, 2] There is a significant improvement in the PDF errors (see Tables 5, 6, 7) , especially for acceptances, though they still dominate the errors in the cross sections. The higher-order electroweak contribution has been reduced significantly in the W case, due to a correction to the HORACE program. Although the electroweak and NNLO QCD corrections are not yet available in an event generator, they can be calculated using HORACE and FEWZ, respectively, and used to improve the calculation via K-factors, reducing the quoted errors to the sum (in quadrature) of the PDF and NNLO QCD scale uncertainties. 4 An implementation of the next level of electroweak and QCD corrections in an event generator would have the potential for a significant improvement. Table 3 : Electro-Weak corrections to the pp → Z → + − , pp → W + → + ν , and pp → W − → −ν total and cut cross-sections σ tot , σ cut and acceptance A. The Born + FSR column shows corrections obtained using PHOTOS, and the Electro-Weak column shows corrections generated using HORACE 3.1, for = e or µ. The difference is the missing electroweak correction if PHOTOS is used instead of HORACE, with the correct sign. Table 4 : QCD errors for the total cross and cut cross sections σ tot , σ cut and acceptance A using the cuts from Table 1 . The NNLO contribution obtained using FEWZ [16] includes the correct sign, and could be added as a K-factor if desired. The scale dependence is calculated at three scales, M B , 2M B , and M B /2, for the appropriate boson mass M B . The standard deviation of the three results is divided by their average to obtain the scale dependence shown. Table 5 : PDF Errors in the cross sections (σ) and acceptances (A) for the cuts in Table 1 , calculated using the asymmetric Hessian method for MSTW and CT10(W), and the standard deviation for the NNPDF replica sets. All cross sections are in pb, while the acceptance is a ratio of cut to total cross sections. Statistical MC errors are shown for the σ tot , σ cut entries, and are zero for the acceptances A, to the precision shown. Table 6 : PDF Errors in the cross sections (σ) and acceptances (A) for the cuts in Table 1 , calculated using the asymmetric Hessian method for MSTW and CT10(W), and the standard deviation for the NNPDF replica sets. All cross sections are in pb, while the acceptance is a ratio of cut to total cross sections. Statistical MC errors are shown for the σ tot , σ cut entries, and are zero for the acceptances A, to the precision shown. Table 7 : PDF Errors in the cross sections (σ) and acceptances (A) for the cuts in Table 1 , calculated using the asymmetric Hessian method for MSTW and CT10(W), and the standard deviation for the NNPDF replica sets. All cross sections are in pb, while the acceptance is a ratio of cut to total cross sections. Statistical MC errors are shown for the σ tot , σ cut entries, and are zero for the acceptances A, to the precision shown. Table 9 : Summary of systematic errors in the acceptance (A) for Z and W ± production for the cuts of Table 1 at each of the three energy scales. The sign of the higher-order correction error shows the sign of the correction needed. Figure 6 : The Z/γ * → + − cross-section σ at 7 TeV, as a function of the (a) p T cut and (b) η cut for acceptance regions as defined in Table 1 . We fix all cuts except the cut to be varied at their specified values. The figures on the right show the relative errors in the cross sections. Figure 9 : The Z/γ * → + − acceptances A at 7TeV, as a function of the (a) p T cut and (b) η cut for acceptance regions as defined in Table 1 . We fix all cuts except the cut to be varied at their specified values. The figures on the right show the relative errors in the acceptances. 
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